ABSTRACT The nuclear gene period is used to reconstruct the phylogeny of Anastrepha, a genus of tephritid fruit ßies. SpeciÞcally, a region of period termed C3C5 that is located in the dCLK:CYC inhibition domain (CCID) is analyzed. This is the Þrst study using this C-terminal region of the period gene for phylogenetics. Variation in the gene is informative for this genus, and period trees are compared with phylogenies based on mitochondrial and morphological data sets. In general, branches that are supported in the other data sets are recovered in the period tree; moreover, trees built using the period gene support branching patterns previously unresolved with 16S rRNA gene data. Important relationships recovered in the period gene tree include a paraphyletic placement of Anastrepha with respect to Toxotrypana, support for the separation of Anastrepha species groups into two evolutionary sections (with the exception of the pseudoparallela species group), and evidence that several species groups are not monophyletic.
Anastrepha Schiner, a primarily Neotropical genus within the tribe Toxotrypanini (subfamily Trypetinae), includes Ͼ200 species and at least 50 undescribed species placed in 18 species groups (Norrbom et al. 1999 ). This genus contains several major pest species and various others that are of economic importance (White and Elson-Harris 1992) . Although it is difÞcult to measure the monetary impact these ßies have on the economies of developing nations, in Latin America average fruit production losses have been estimated at 25% of the total crop (Enkerlin et al. 1989) . Norrbom et al. (1999) emphasized the agricultural importance of the fraterculus species group, which contains most of AnastrephaÕs generalist pest species.
In addition to Anastrepha, the tribe Toxotrypanini also includes Toxotrypana Gerstaecker and Hexachaeta Loew (Norrbom et al. 1999) . Although Anastrepha and Toxotrypana form a monophyletic group McPheron 1997, Norrbom et al. 1999) , evidence suggests that Anastrepha is paraphyletic with respect to Toxotrypana (McPheron et al. 1999) . To address the phylogenetic relationships among these groups, both morphological and molecular characters have been used. Norrbom et al. (1999) described the morphological characters pertinent to phylogenetic analysis of Anastrepha. Unfortunately, synapomorphies only help to resolve relationships at the low taxonomic level of species groups (Norrbom et al. 1999) . Because of an insufÞcient number of informative characters, the monophyletic status of species groups and their phylogenetic relationships within the genus are uncertain. Molecular analysis of the 16S rRNA gene of mitochondrial DNA supported only some of the species groups of the morphological classiÞcation; in general, statistical support was low for many interior branches of the phylogeny (McPheron et al. 1999) . Smith-Caldas et al. (2001) applied the mitochondrial COI gene for phylogenetic analysis of the fraterculus species group. One of the most important economic pests of this group, A. fraterculus (Wiedemann) , is believed to comprise a species complex (Steck 1991 , McPheron et al. 1999 , Smith-Caldas et al. 2001 . COI data suggest that other species also may be species complexes (Smith-Caldas et al. 2001) .
As is true of most tephritid fruit ßies (see Thanaphum and Thaenkham (2003) for an exception), molecular systematic studies of Anastrepha have been limited to analysis of the mitochondrial genome. The addition of an independent nuclear marker for systematic analysis is highly desirable. The period gene is a good candidate for phylogenetic reconstruction of this genus. It has been used for population genetic and phylogenetic analysis of ßies and moths (Kliman and Hey 1993 , Peixoto et al. 1993 , Reppert et al. 1994 , Gleason and Powell 1997 , Regier et al. 1998 , Piccin et al. 2000 , Bauzer et al. 2002 , Mazzoni et al. 2002 . Sequences are available for species from several genera of schizophoran ßies: Drosophila, Lucilia, Musca, Bactrocera (Tephritidae), and Anastrepha (Citri et al. 1987 , Piccin et al. 2000 , Warman et al. 2000 , Barr 2001 . Based upon sequence comparison within Drosophila, the gene has been divided into regions of varying conservation (Colot et al. 1988 ).
This type of demarcation is useful in selecting which regions of a gene are appropriate for studies at the level of population, species, or deeper branches.
An X-linked gene in Drosophila, period, has been shown to affect numerous circadian and ultradian behaviors (Konopka and Benzer 1971 , Kyriacou and Hall 1980 , Kyriacou et al. 1990 , McCabe and Birley 1998 , Krishnan et al. 1999 , Andretic and Hirsh 2000 . It encodes a protein that inhibits its own transcription, resulting in an expression pattern that oscillates daily (reviewed in Dunlap 1999) . Evidence suggests that in the family Tephritidae, the period gene is autosomal (Roethele et al. 2001 , Gariou-Papalexiou et al. 2002 and that, as in Drosophila melanogaster (Meigen) its mRNA level oscillates daily . Based on selection experiments with Bactrocera cucurbitae (Coquillet), Miyatake (1997) and Miyatake et al. (2002) proposed period as a candidate gene involved in reproductive isolation in Tephritidae. An et al. (2002) , however, reported identical amino acid sequences for two sibling species (Bactrocera tryoni (Froggatt) and B. neohumeralis (Hardy)) that are isolated by speciesspeciÞc mating times.
Investigation into the molecular structure of period has identiÞed several regions of functional importance to its expression pattern: the PAS domain, cytoplasmic localization domain (CLD), nuclear localization signals (NLS), and dCLK:CYC inhibition domain (CCID) (Crews et al. 1988 , Vosshall et al. 1994 , Saez and Young 1996 , Rosato et al. 1997 , Chang and Reppert 2003 . Comparative analyses among period homologues have shown that the PAS, CLD, and NLS amino acid regions are well conserved within schizophoran ßies (Piccin et al. 2000 , Warman et al. 2000 . Although the CCID is involved in period transcriptional regulation, regions of the domain are quite variable among species of Drosophila and schizophoran ßies (Colot et al. 1988 , Barr 2001 , Chang and Reppert 2003 ). An additional region of interest, located downstream of PAS, is called the Thr-Gly region. This region is named for the polymorphic stretch of repeated threonine and glycine residues found within D. melanogaster populations (Jackson et al. 1986 , Citri et al. 1987 , Costa et al. 1991 , but it also includes ßanking amino acid sequences on either side of the repeat (Nielsen et al. 1994) .
In this study, we use a region of period located in the CCID, downstream of the PAS and Thr-Gly regions (hereafter referred to as the PASTG region), for phylogenetic analysis of Anastrepha. This region is called the C3C5 region based on regions of conservation in Colot et al. (1988) : it spans from conserved region three to conserved region Þve in Drosophila. A comparison of amino acid sequences between A. suspensa (Loew) and B. tryoni indicated that, excluding gaps, the C3C5 region is only 85% identical (the PASTG region is 97% identical), and therefore it might be useful for phylogenetic reconstruction of closely related tephritids (N.B.B., unpublished). Previous evolutionary studies of the period gene have focused exclusively on the PASTG region or portions of it; this is the Þrst reported use of the C3C5 region for phylogenetic analysis. The sequence of the PASTG region is reported for several Anastrepha species for comparison with the C3C5 data set.
Materials and Methods
Polymerase Chain Reaction (PCR) and Sequencing. All PCR reactions were performed on Gene Amp PCR system 9700 thermal cyclers (Applied Biosystems, Foster City, CA) by using TaqDNA polymerase (QIAGEN, Valencia, CA). The standard program cycle used to amplify sequences consisted of an initial temperature of 94ЊC for 3 min, followed by 39 cycles of 1 min at 94ЊC, 1 min at 50ЊC, and 1 min at 72ЊC, and then an extension step of 10 min at 72ЊC. Touchdown PCR was incorporated when ampliÞcation was poor: the initial annealing temperature was set to 60 or 55ЊC and lowered by 0.1Ð 0.2ЊC every cycle. Unless otherwise noted, all primers were designed using OMIGA 2.0 or DS gene software (Oxford Molecular, Madison, WI). PCR products were puriÞed with the QiaQuick puriÞcation kit (QIAGEN) and sequenced with the BigDye cycle sequencing kit versions 3 and 3.1 (Applied Biosystems). Each PCR product was sequenced in both directions to corroborate the inferred sequence.
Amplification of period Gene from Anastrepha Species for Phylogenetics. Genomic DNA was procured from individual ßies as described by Han and McPheron (1997) . Samples (Table 1) were ampliÞed for the C3C5 region by using either Per2612 F or Per2612Fdeg and Per3105R (Table 2) . Fragments of period, including the PASTG region, were ampliÞed from eight species (Table 1) by using a combination of primers listed in Table 2 . These primers produced overlapping fragments of period, which were assembled into a composite DNA fragment using the DS gene program (Oxford Molecular). Unless stated otherwise, primers were designed from A. suspensa sequence (Barr 2001) . PCR products were either sequenced directly or cloned into TA vector pCR 2.1 (Invitrogen, Carlsbad, CA) for sequencing (Table 1) .
Collection information for the specimens included in Table 1 Sequence Analysis. All nucleotide sequences were aligned using the Clustal W 1.6 algorithm included in the OMIGA 2.0 and DSgene software packages (Oxford Molecular). Heterozygote polymorphism was inferred from chromatographs of sequenced PCR products and reported according to International Union of Biochemistry/International Union of Pure and Applied Chemistry recommendations for nucleic acids. Introns in the PASTG regions of Anastrepha species were deduced by comparison with A. suspensa (Barr 2001) and D. melanogaster (Citri et al. 1987) sequences.
The C3C5 and 16S data sets were tested for heterogeneity by using the partition homogeneity test included in PAUP* 4.0b 10 (Swofford 2002). Statistics were calculated, and Neighbor Joining (NJ) and Maximum Parsimony (MP) trees were constructed from nucleotide sequences, by using the MEGA version 2.1 software (Kumar et al. 2001) . NJ and MP trees were constructed using the complete deletion of gaps and missing data option. MODELTEST (Posada and Crandall 1998) was used to estimate the model of evolution for Bayesian analysis. Bayesian analysis was performed with MrBayes software (Huelsenbeck and Ronquist 2001) by using the following settings: HKY ϩ I ϩ ⌫ model; 10 million generations; sampling every 100 generations; one cold and three heated chains, by using default heating values; discard Þrst 25% of trees (burnin ϭ 25,000 trees). Two A. fraterculus sequences (accession no. AY532505 from Merida, Venezuela, and accession no. AY532501 from Chiapas, Mexico) were included to construct the C3C5 trees. Hexachaeta fallax Lima was used to root trees. Refer to Materials and Methods for C3C5 accession numbers for samples from this species. a PASTG sequences from these species were partially obtained from clones. b C3C5 sequences from these species were obtained from clones. c C3C5 PCR products from these species were gel extracted.
Results
Amplification and Analysis of the C3C5 Region of period Gene. AmpliÞcation of the C3C5 region produced sequences of 428 bp, with the exception of Hexachaeta fallax, which is 452 bp (see Table 1 for GenBank accession numbers). The sequences have reading frames that code for either 142 or 150 amino acids. The total p-distance (ϮSE) for the data set is 0.06 Ϯ 0.01. Distances at the Þrst, second, and third codon positions are 0.02 Ϯ 0.01, 0.02 Ϯ 0.01, and 0.1 Ϯ 0.01, respectively. The data contain 58 variable and 24 parsimony informative sites, a GϩC content of 52.5%, and a transition to transversion ratio (R) of 2.73 Ϯ 0.7.
A strict consensus MP tree of the C3C5 data set is reported in Fig. 1 . Although the MP, NJ, and Bayesian analyses produced similar topologies, the Bayesian analysis produced branch support values that were much higher than the bootstrap values in the MP and NJ trees. Recent studies suggest that posterior probabilities in Bayesian analyses are too liberal and thus may not be reliable measures of branch support (Suzuki et al. 2002 , Cummings et al. 2003 , Erixon et al. 2003 . NJ interior branch test values and Bayesian posterior probabilities for branches that were recovered in the MP analysis are reported for comparison. Similarities between methods include monophyly of Toxotrypana, the daciformis group, the striata group, and the serpentina group. The fraterculus group is not monophyletic in any of the trees; however, when A. barbiellinii is excluded, the remaining fraterculus group species form a clade in the Bayesian tree. Many of the differences between the trees occur in regions that lack resolution under one or more of the methods (for example, the relative position of species within the fraterculus group is unknown because of multifurcating NJ and MP trees). 
5Ј-CATYTCRTCRTTRTGYTT 658Ð663
a Primer is located in an intron between these two amino acids. b Primers reported in Nielsen et al. 1994 (per B modiÞed with M13 sequence). 
Amplification and Analysis of the PASTG Region.
AmpliÞcation of the PASTG region with genomic DNA from Þve Anastrepha species, A. fraterculus, A. ludens, A. grandis (Macquart), A. obliqua (Macquart), and A. sororcula (Zucchi), produced composite sequences of Ϸ2.1 kb. Based on sequence information from A. suspensa cDNA (Barr 2001) , the ampliÞed region (Ϸ500 bp) upstream of the PAS domain corresponds to an intron. This region did not align well for the six species because of a large number of gaps and low identity. Two additional introns were present in each species. These were similar in both length and location to introns reported in other ßy species (Piccin et al. 2000 , Barr 2001 . Translation of the reading frame in each species produced a peptide sequence of 472 amino acids. The entire 2.1-kb sequence was submitted to GenBank for each species (Table 1) .
AmpliÞcation of the PASTG region with genomic DNA from A. striata Schiner, A. bicolor (Stone), and A. bezzii Lima produced composite sequences of Ϸ1.3 kb (Table 1) . These sequences contain the two introns found in the other Anastrepha species, and translation produced peptides of 394 amino acids.
Analysis of an alignment of the PASTG region (1,323 bp) from the eight species and A. suspensa produced an average p-distance of 0.04 Ϯ 0, regardless of whether the introns are present or excluded. Introns 1 and 2 align well and only A. bicolor exhibits major differences attributable to indels. The total number of variable sites is 203 (160 without introns) and parsimony informative sites is 75 (57 without introns). Excluding introns, the majority of differences in the data set occur at the third codon position (average p-distance ϭ 0.11 Ϯ 0.01). The GϩC content is 45.8% and the transition to transversion ratio (R) is 2.23 Ϯ 0.58.
NJ and MP trees of the PASTG, C3C5, and PASTGϩC3C5 data sets were constructed for the nine species and compared. Figure 2 reports the topology of NJ trees constructed for the PASTGϩC3C5 and PASTG data. When the introns are removed from the PASTGϩC3C5 analysis the A. suspensa ϩ A. fraterculus and A. ludens ϩ A. grandis couplets are not recovered, suggesting they are dependent on information in the introns. These couplets are not supported in the C3C5 tree. All data sets recover the branch separating A. bezzii and A. bicolor from the other species with high support (99%). Most branches in the PASTGϩC3C5 tree have support values either intermediate between the PASTG and C3C5 trees or comparable with the PASTG tree; two exceptions are the branches forming the A. suspensa ϩ A. fraterculus ϩ A. obliqua ϩ A. sororcula and the A. suspensa ϩ A. sororcula clades, which are highest (87 and 96%, respectively) when the data are combined. Heuristic MP searches (10 random additions, CNI branch swapping, 100 bootstraps) of the three data sets produced trees (not shown) with less resolution. However, in all MP consensus trees the following clades were recovered: A. striata ϩ A. grandis ϩ fraterculus group, A. grandis ϩ fraterculus group, and A. obliqua ϩA. sororcula.
Discussion
In this study, we have analyzed several period gene trees for the genus Anastrepha. Gene trees inferred from the C3C5 region produced similar topologies under several tree-building methods, although branch support varied among methods. Comparison of trees produced by PASTG and C3C5 data sets suggests that the two gene regions do not support an identical topology. Evidence from the 16S rRNA gene (McPheron et al. 1999) indicates that, given the nine species included in the PASTG/C3C5 study, A. sororcula and A. suspensa should cluster together, the Þve species from the fraterculus group should be monophyletic, and A. striata should be closer to the fraterculus group than should A. grandis. The placement of fraterculus and striata together with grandis placed outside by using the 16S rRNA data also are supported in the Bayesian and NJ trees (not shown). Combining the PASTG and C3C5 regions should produce a more reliable gene tree because it will produce a more conservative estimate of period evolution, but it is uncertain whether this tree will be better for inferring the species tree; the depth of the branching in question and level of genetic variation should inßuence the selection of either region for phylogenetics. Although shorter than the PASTG region, based on our analysis the C3C5 region seems to be as useful as the entire 16S rRNA gene for phylogenetic reconstruction of the genus Anastrepha. Relationships recovered in the C3C5 gene trees are discussed below and compared with mitochondrial (McPheron et al. 1999 , Smith-Caldas et al. 2001 ) and morphological (Norrbom et al. 1999 ) data where applicable. Despite many similarities between 16S and C3C5 trees, the data sets are not compatible based on the partition homogeneity test (P ϭ 0.015) and consequently were not analyzed as a combined data set.
The two species of Toxotrypana cluster together with high support, as expected based on morpholog- Fig. 2 . Unrooted condensed NJ tree of PASTGϩC3C5 region: p-distance; bootstrap interior branch test: 500 replications; 50% cut-off value. Species in the fraterculus group are indicated by a OE. Tree reconstruction under the aforementioned criteria produced an identical topology for separate analysis of the PASTG data and similar topologies for the PASTGϩC3C5 (without introns) and C3C5 data sets. Branch support values reported in the Þgure represent support recovered in the PASTGϩC3C5/PASTG/C3C5 trees, respectively. In contrast to the PASTGϩC3C5 and PASTG trees, the C3C5 tree placed A. fraterculus basal to an (A. obliqua ϩ A. sororcula ϩ A. suspensa) clade with 75% branch support.
ical and 16S data. Morphologically, Toxotrypana and Anastrepha form a monophyletic group, but the monophyly of Anastrepha is not yet certain (Norrbom et al. 1999) . Interestingly, the 16S data placed Toxotrypana within the genus Anastrepha, but with low bootstrap support. Our analysis also places Toxotrypana inside Anastrepha but with high support values suggesting that Anastrepha is paraphyletic. Norrbom et al. (1999) proposed a preliminary cladogram for the relationships of species groups within Anastrepha. It split the groups into two major sections: 1) a more derived section, including the grandis, doryphorous, spatulata, ramosa, pseudoparallela, serpentina, striata, and fraterculus groups; and 2) an ancestral section, including the cryptostrepha, daciformis, dentata, benjamini, robusta, schausi, punctata, leptozona , and mucronota groups. Based on the species groups included in this analysis, the C3C5 period gene supports this division. One exception, however, is the pseudoparallela group, because a single species, A. dryas Stone, clusters with the groups from section 2. The division of species groups and unexpected placement of A. dryas recovered by the C3C5 data also are recovered in 16S trees (McPheron et al. 1999) .
Within section 1, the striata and serpentina groups are represented by two species each and form monophyletic clusters in the C3C5 trees. Both 16S and morphological data support this Þnding (McPheron et al. 1999 , Norrbom et al. 1999 . In a revision of the serpentina group, Norrbom (2002) placed the striata group within the serpentina group. However, our analysis does not support this revision. Although support is low, the spatulata group does not seem to be monophyletic in either the period or 16S tree. In the C3C5 analysis, three species (A. manihoti Lima, A. pickeli Lima, and A. montei Lima) cluster, but the A. spatulata Stone and A. alveata Stone samples are placed, separately, outside of this clade. In the 16S NJ tree, four species (A. manihoti, A. pickeli, A. montei, and A. alveata) cluster, but A. spatulata is placed outside of the clade. The grandis group is represented by only one sample (A. grandis), which either clusters with (MP) or is basal to (NJ and Bayesian) the (A. manihoti ϩ A. pickeli ϩ A. montei) clade in the C3C5 trees. However, its placement is not well supported with bootstrap values in either the period or 16S analysis, suggesting that it requires further consideration.
The fraterculus group is not monophyletic according to the C3C5 period trees: A. barbiellinii Lima does not form a monophyletic clade with the other fraterculus species in the MP, NJ, and the Bayesian analyses, and none of the fraterculus species cluster in Fig. 1 (MP). Morphological evidence only tentatively placed A. barbiellinii within the fraterculus group. Analysis of COI data and NJ analysis of the 16S rRNA data also failed to support monophyly. MP analysis of 16S, however, did recover monophyly of the fraterculus group, but with bootstrap support Ͻ50%. In general, resolution of the other species within the fraterculus group is poor for both C3C5 and 16S trees.
It is possible that the entire fraterculus group retains many shared ancestral polymorphisms and that the period gene is not adequate for phylogenetic analysis of this group. It is, however, notable that the two A. fraterculus samples included in the analyses failed to cluster. The nominal A. fraterculus is believed to comprise a species complex (Steck 1991) and phylogenies constructed with mitochondrial data placed Andean samples from Venezuela and/or Colombia separately from "low land" samples (McPheron et al. 1999 , SmithCaldas et al. 2001 . Although the data are not shown, trees constructed with additional A. fraterculus samples (see Materials and Methods) grouped Andean (Merida) specimens together but distinct from nonAndean specimens. Therefore, the period gene also supports the hypothesis of an A. fraterculus species complex.
Results for the pseudoparallela group are consistent with 16S results: the pseudoparallela group is not monophyletic; A. limae Stone and A. pseudoparallela (Loew) form a strong clade; A. pallidipennis Greene is placed, unresolved, with the section 1 species groups; and, as mentioned, A. dryas is placed, unresolved, with the section 2 species groups. Norrbom et al. (1999) indicated that this group is based solely on the aculeus tip shape and needs further attention. However, the placement of A. dryas outside of the section 1 species group is unexpected based on morphological work. The inclusion of additional species from this group and additional samples of A. dryas may help to clarify this conßict.
Within section 2, only the daciformis species group is supported as monophyletic based on data from the period gene (Fig. 1 ). This group also is supported by morphological and 16S data. However, a cladistic analysis by Norrbom (1998) Based on the morphological and 16S data (support Ͻ50%), A. hamata (Loew) (dentata group) should be the closest lineage to the daciformis group. No species is distinguished as the basal lineage of the daciformis group in either the NJ or MP analysis; however, in the Bayesian analysis both A. nigrifascia Stone and A. flavipennis Greene (as an unresolved polytomy) occupy this position (90% posterior probability). The MP tree of the 16S data places A. nigrifascia basal to A. hamata (support Ͻ50%), but places A. flavipennis more distant from the daciformis clade. Interestingly, the NJ and Bayesian C3C5 analyses place A. hamata as the basal lineage (66% NJ bootstrap value, 94% NJ interior branch test, 89% posterior probability) to the clade that includes Toxotrypana species and A. cordata Aldrich (which form a well supported clade under all tree building methods). In the 16S trees, A. cordata never clustered near the Toxotrypana species; however, when we constructed phylogenies by using alternative 16S alignments A. cordata was placed basal to the Toxotrypana clade with high support (trees not shown).
A. cordata and A. panamensis Greene belong to different subgroups of the cryptostrepha group. Their placement in the C3C5 trees indicates that the group is not monophyletic. Morphological and 16S data support this claim. The mucronota group is represented in this analysis by three species: A. bezzii, A. crebra Stone, and A. aphelocentema Stone. Norrbom et al. (1999) indicated that the monophyly of this group is uncertain. Both NJ and MP analysis of the 16S data grouped A. bezzii and A. crebra together but placed A. aphelocentema outside of the clade. Our study does not support monophyly of the mucronota group and fails to recover the A. bezzii ϩ A. crebra clade. Resolution within this portion of the tree is comparable with the 16S trees. In addition, many of the species groups are underrepresented compared with section 1. Additional species from the section 2 species groups are required to produce a more informative C3C5 tree.
An interesting result of our analysis is the placement of A. sylvicola. This morphologically unplaced taxon not only forms a supported clade with the section 1 species (excluding A. dryas, as mentioned above) but also is placed as its most basal lineage with high branch support. Perhaps this result will help direct attention to this species for comparative analysis of derived characters in section 1 species groups.
Although the C3C5 region does not clearly resolve the entire Anastrepha phylogeny with high statistical support, this relatively small region produces resolution comparable to the 16S rRNA gene. If applied appropriately, in terms of depth of phylogenetic investigation, it is potentially a useful nuclear marker.
